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Abstract: Climate change is of increasing concern and efforts to mitigate its effects are targeted on 
reducing fossil CO2 emissions. Satellite observations play a key role in the understanding and 
management of the problem. Whilst detecting CO2 optically is relatively straight-forward, and has been 
achieved with small satellites, accurate quantitative mapping of CO2 requires very high precision (<1%) 
measurements of gas concentration. This is usually achieved through identifying CO2 by its spectral 
absorption bands at 1.56-1.62μm and 1.92-2.06μm wavelength by using high resolution spectrometers 
(e.g. 0.27cm-1 resolution at a signal-to-noise ratio (SNR) of >300:1). This normally requires high 
performance, large and complex instruments whose high cost, mass, volume, and power requirements 
preclude their use on small satellites. This paper presents the developmental stage of a single channel (1.6 
µm) compact precision Spatial Heterodyne Atmospheric Carbon-Dioxide Spectrometer (SHACS), which 
utilises the Spatial Heterodyne Spectrometer (SHS) technique to form a robust, compact, no-moving-part 
Fourier Transform Spectrometer (FTS). This instrument achieves a high spectral resolution of 0.25cm-1 at 
a high SNR of >700:1 and can fit into a micro-satellite platform. With this performance, high quality 
measurements of atmospheric CO2 concentration with measurement precision of <4 ppm can be achieved. 
1. INTRODUCTION  
The application of Fourier Transform Spectrometers (FTS) for remote sensing of the 
atmosphere has proven to offer high accuracy measurements owing to its very high 
spectral resolution. However, conventional FTS instruments, based on a Michelson 
Interferometer (MI) with moving mirrors, are usually characterized by high 
complexities and cost – particularly when used in a spaceflight context, where the 
mechanisms have to actuate in hard vacuum. At the Surrey Space Centre (SSC), we 
have applied, instead, the technique of the Spatial Heterodyne Spectrometer (SHS). This 
is similar in operating principle to a conventional FTS, in that it is also based on a MI, 
however, it differs in that the moving mirrors are replaced by fixed reflection diffraction 
gratings. In our context, this then forms a Spatial Heterodyne Atmospheric Carbon-
dioxide Spectrometer (SHACS): an atmospheric CO2 monitoring instrument. As with a 
conventional FTS, the SHS offers a high light throughput, due to its relatively large 
aperture, and a high spectral resolution. However unlike the conventional FTS, the SHS 
incorporates no-moving parts. This then removes much of the complexity and cost of 
the traditional FTS design, whilst also reducing the mass, volume and power 
requirements of the instrument – making it eminently suitable for small satellites.  
We built and tested a single-channel bench-top prototype of this instrument and tested it 
under laboratory conditions using an artificial light source, under a 2013 PhD research 
programme sponsored by the National Space Research and Development Agency 
(NASRDA) of Nigeria. In this paper, we present the progress made in the design and 
build phase of the SHACS instrument and the results of the measurements taken from 
laboratory samples of CO2 with known concentration as well as that of measurements 
taken in open air using natural sunlight as the illuminating source. For this current work, 
we acknowledge the support of the Commonwealth Rutherford Fellowship. 
1.1 Atmospheric Carbon-dioxide (CO2) Monitoring 
The observation and measurement of radiation emitted from, or absorbed by, atoms and 
molecules provides information about their identity, structure and physical environment 
[1]. Monitoring atmospheric CO2 from space therefore entails being able to identify its 
spectral signature, through the measurement of its absorption of sunlight, either 
reflected from the Earth’s surface (nadir viewing instruments), or transmitted through 
the atmosphere (limb viewing instruments). For this application, we are focusing on 
monitoring atmospheric CO2 around the tropics. Studies such as [2, 3] have shown that 
it has been difficult to determine the extent of atmospheric CO2 fluxes in the tropics 
especially in regions around the equatorial zone due to the sparseness of in situ 
terrestrial CO2 measurement networks. Therefore, knowledge of these regional fluxes 
and processes can be vastly improved through additional space-based observations – 
provided these are able to supply precise, accurate and reliable CO2 measurement data. 
The Short-Wave Infrared (SWIR) CO2 absorption bands near 1.6µm (1.56µm to 
1.62µm – weak CO2) and 2.0µm (1.92µm to 2.06µm – strong CO2) provide information 
on the near-surface concentrations. However, the spectral region near 1.6µm is well 
suited for retrieving column CO2 because the solar flux at this wavelength region is 
higher than at longer wavelength regions [4]. The spectral regions around 1.6µm and 
2.0µm wavelengths are also capable of monitoring water vapor (H2O), which is also an 
important greenhouse gas. Monitoring the strong and weak bands simultaneously allows 
the interfering effect of water to be reduced. However, for these measurements to be 
useful, it also requires the oxygen (O2) A-band at 0.76µm to be measured in order to 
correct for air mass and identify cloud effects [3, 5, 6]. The O2 A-band is used to 
characterize scattering by clouds/aerosols at spectral regions around 1.6µm while the 
spectral region around 2.0µm is used in conjunction with the O2 A-band to constrain the 
wavelength dependence of atmospheric scattering [2].  
Using the PcModWin software – a graphical user interface environment based on 
MODTRAN5® from ONTAR [7] – the atmospheric CO2 and H2O spectral 
transmissions were created from the Mid-Latitude Summer model atmosphere, which is 
a standard atmospheric model with an input CO2 mixing ratio of 400ppm, under clear 
sky conditions with background aerosols devoid of clouds.  
   
       (a)                                            (b)                 
Figure 1: (a) Spectral transmission model of CO2 and H2O between 1.59 µm and 2.12 µm 
(b) Reflected solar radiance within same ROI  
The viewing angle was set at nadir with a Solar Zenith Angle (SZA) of 42.5º while a 
surface albedo of 0.3 was used. Equally, the source brightness, which is referred to as 
 
the input radiance, was simulated using similar conditions to obtain the reflected 
spectral radiance using the same conditions of a nadir viewing geometry from a Low 
Earth Orbit (LEO) of about 700km. The spectral radiance Region of Interest (ROI) 
covered the 1.6µm (6250cm-1) and 2.0µm (5000cm-1) wavelength regions. The spectral 
transmission of CO2 and H2O is shown in Figure 1(a) while the reflected solar radiance 
is presented in Figure 1(b). 
2. SHACS INSTRUMENT 
The Spatial Heterodyne Atmospheric Carbon-Dioxide Spectrometer (SHACS) 
previously called the Compact Spatial Heterodyne Short-Wave Infrared (COMSSWIR) 
spectrometer, is a high resolution CO2 monitoring instrument that utilises the SHS 
technique. In its novel implementation, it uses low groove density standard gratings in a 
configuration similar to the Echelle-mode SHS [8] and applies a cross tilt, α, as shown 
in Figure 2(a) to one of the gratings. By introducing the tilt, ambiguities resulting from 
superimposed spectral components are resolved and the Fizeau fringes recorded on the 
detector are no longer perpendicular to the x-axis, but rather, the tilt introduces a spatial 
modulation perpendicular to the modulation produced by the grating dispersion. This 
results in Fizeau fringes perpendicular to the y-axis, thereby creating a two-dimensional 
(2-D) interferogram, which is recorded on the detector. Full details of this 
implementation and equations can be found in [9, 10]. 
The final flight model SHACS instrument would make use of two optical benches 
(identified as Channel-1 and Channel-2) as shown in Figure 2(b), each tuned to one of 
the key CO2 absorption bands (strong and weak). The first channel covers the 1599nm 
to 1605nm spectral band, while the second channel covers the 2045nm to 2064nm 
spectral band. Both benches share a common receiver three-mirror-reflector (TMR) 
telescope, which splits the incoming signal with the aid of a dichroic beam-splitter for 
the two channels.  
 
                                            (a)                                                            (b)         
Figure 2: (a) Schematic representation of the SHS as used in SHACS Instrument (b) 
Optical model of SHACS Instrument showing two channels 
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2.1 SHACS Set-Up 
Selecting appropriate commercial-off-the-shelf (COTS) optical and opto-mechanical 
components for the SHACS instrument, to minimize costs, has been a challenge 
especially as we need to operate in the SWIR. Efforts to prove the feasibility of the 
SHACS concept were targeted at developing a COTS-based bench-top prototype 
demonstrator, focusing on the 1.6m band. 
       
                                      (a)                                                              (b)                     
Figure 3: SHACS Instrument Set-up (a) Using Halogen lamp (b) using natural Sunlight 
At the first stage of this demonstration, the set-up was carried out using a Quartz 
Halogen Lamp as the input light source as shown in Figure 3(a) where known 
concentrations of CO2 were introduced into the laboratory. It was necessary to arrange 
the set-up this way to test the proof-of-concept demonstrator. During measurements, the 
laboratory is kept dark by using anodized material with an absorbing surface finish to 
minimize the amount of stray light reaching the instrument focal plane. 
The next stage of this experiment was to set-up the prototype demonstrator in a 
laboratory facility within the SSC where natural sunlight could be channeled into it with 
the aid of a fold mirror as shown in Figure 3(b). As expected, the result obtained shows 
good retrieval of CO2 transmission spectrum within the bandwidth of interest. The 
bandwidth ROI was selected to avoid the effect of the water vapour absorption lines 
having an adverse effect in the form of contamination of the spectrum. The calibration 
of the instrument has been performed following the method described in [9, 10]. 
3. SHACS SIGNAL-TO-NOISE RATIO (SNR) ANALYSIS 
3.1 Source Brightness and Signal-to-Noise Ratio (SNR) 
To quantify the Signal-to-Noise Ratio (SNR), the intensity of the signal must be 
determined by adequately analyzing the source brightness. The SNR is the end 
performance metric that determines the ability to collect spectra. It is a function of the 
source’s brightness, the instrument’s entrance aperture, the optical throughput, 
integration time and detector performance. All these are key factors to consider for 
accurate quantification of the SNR [9]. Considering the 1.6µm (6250cm-1) channel and 
selecting a wavelength range of 1591.60nm to 1609.53nm, the reflected solar radiance 
and the background radiance were modelled using the PcModWin software. This model 
was used to compute the SNRs, assuming the signal was falling on a photon noise 
limited detector. 
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Following the analysis given in [11], the signal falling on a photon noise limited 
detector over an integration time, t, can be represented as; 
𝐼(𝑥) =
1
ℎ𝑐
 ∫ 𝐵1(𝜎)𝜎 cos  [2𝜋(4(𝜎 − 𝜎0)𝑥tan𝜃𝐿)]𝑑𝜎
𝜎
𝜎0
,       (1) 
where h is the Planck’s constant (6.626×10-34 J.s), c is the speed of light (2.998×108 
m/s), and B1 is the detector spectral radiant exitance which is given as [11] ; 
𝐵1(𝜎) =
1
2
 [𝐴Ω0 (𝐿𝑠(𝜎) + 𝐿𝑏𝑔(𝜎) +
Ω𝑠𝑦𝑠
𝜋
𝑀𝑜𝑝(𝜎))] 𝜏. 𝑞𝑒, (2) 
where Ls is the signal radiance as shown in Figure 1(b) (W/(cm
2.sr.cm-1)) over a 
bandwidth Δσ, Lbg is the background radiance (W/(cm2.sr.cm-1)), A is the area of the 
entrance aperture, qe is the detector quantum efficiency, τ, is optical transmission 
efficiency which includes the filter transmission, lenses and grating efficiencies, Ω0 is 
the solid angle subtended at the entrance aperture and Ωsys is the system solid angle 
given as [11];  
Ω0 = Ω𝑠𝑦𝑠 =  
𝜋𝐷2
4𝑓2
, (3) 
where D is the diameter of entrance aperture and f is the focal length.  
The aperture solid angle given in Eq. (3) is equivalent to the system solid angle as there 
is no obstruction in the system. A detailed expression of Eqs. (1) and (2) is given in Ref. 
[11]. The product of the area of entrance aperture, A, and the solid angle, Ω0, gives the 
system throughput, Θ.       
Using Hamamatsu’s C11512-01 Multi-channel detector with its inbuilt G11097-0707S 
InGaAs area image sensor of 128 x 128 pixels operating in the SWIR, the given spectral 
response (photosensitivity) range from 0.95µm to 1.7µm was converted to quantum 
efficiency and incorporated into the Eq. (2) to estimate the SNR. Although 50.8mm 
optics are used in the bench-top prototype demonstration, the clear aperture in which the 
actual signal passes through is usually estimated as having a diameter of about 42.8mm. 
This is because, as the signal travels through the system, the factor that leads to the 
estimation of the solid angle and the throughput of the signal is the illuminated part of 
the grating, which can be estimated as two-thirds of the 50.8mm optics. The integration 
time set to capture the interferograms from a position sensitive SWIR detector is limited 
to 10s for the prototype testing. The noise is estimated as the square root of the signal. 
The theoretical SNR given in Figure 4(a) shows a SNR of 734:1 at 1.6µm. This is above 
the required SNR of >300:1 [5] and therefore meets the scientific requirement. 
3.1.1 The Halogen Lamp Case 
The sensitivity of the signal was initially calculated and analysed while carrying out the 
experiment under laboratory conditions using the Quartz Halogen lamp as the input 
source. The method used involved the computation of the Quartz Thompson Halogen 
lamp radiance, the modelling of the background radiance as discussed in [11], an 
integration time of 10s, the detector parameters and the calibration values of the 
measured interferogram and instrument parameters. The calculated SNR across the 
wavelength ROI is given in Figure 4(b) with the SNR at 1.6µm being 564:1. 
 
(a)                  (b) 
Figure 4: (a) Simulated SNR across the SWIR (b) Measured SNR using Quartz Halogen 
Lamp 
3.1.2 The Sunlight Case 
The set-up for the sunlight measurement was such that sunlight entering the laboratory 
was horizontally reflected off a fold mirror positioned outside the laboratory in order to 
allow the input light reach the entrance optics of the instrument (Figure 3(b)). This 
method yielded a higher SNR ratio. Using the reflected solar radiance model and the 
calibration values derived from the measured interferogram of SHACS single channel 
sunlight measurements whose illuminated grating diameter is 34mm corresponding to 
the actual entrance aperture diameter which forms about two-thirds (2/3) of the optic’s 
clear aperture diameter, the calculated SNR at 1600nm is 990:1  as shown in Figure 5 
based on a narrow bandwidth of about 6nm, spectral resolution of 0.25cm-1 @ Full 
Width at Half Maximum (FWHM) and integration time of 10s. 
 
Figure 5: Measured SNR using natural sunlight as the input light source 
Clearly, the optical throughput advantage of an FTS instrument which is also an 
advantage of the SHS, is seen to have a positive effect on the measured SNR.  
4. RETRIEVAL PROCESS 
The retrievals of the measured CO2 spectrum and concentration of measured CO2 by the 
SHACS prototype instrument is achieved using inverse Fourier Transforms and an 
Inverse Model, as discussed in [9, 10]. This is primarily based on the work of Rodgers 
[12]. The data processing algorithm for the retrieval process involved masking the 
interferogram to eliminate inherent defective pixels in the detector, to yield an increase 
in the SNR and improve quality of recovered transmission spectrum. Full details of the 
practical implementation of this work is explained in [9]. 
To obtain the optimal solution, x̂, an iterative Gauss-Newton scheme is adopted [12];  
x𝑖+1  =  𝐱𝑎 + 𝐒𝑎𝐊𝑖
𝑇(𝐊𝑖𝐒𝑎𝐊𝑖
𝑇 + 𝐒𝜖)
−1[𝐲 − 𝐅(𝐱𝑖) + 𝐊𝑖(𝐱𝑖 − 𝐱𝑎)],  (4) 
where 𝐱𝑎 is the a priori value of the state, 𝐒𝑎 is the a priori covariance matrix, 𝐒ϵ is the 
covariance matrix of the measurement representing the measurement error 𝛜 and T 
represents the matrix transpose, while 𝐊, is a weighting function also referred to as the 
Jacobian matrix or matrix of derivatives. The measurement vector, 𝐲 is related to the 
state vector 𝐱 and the forward model at 𝐱, 𝐅(𝐱),which is used in the retrieval with 
approximations of the true physics of the measurement, can be expressed as: 𝐲 =
𝐅(𝐱) +  𝝐  [13]. The state vector,  𝐱𝑖 is updated for each iteration,  𝐅(𝐱𝑖) is the forward 
model at 𝐱𝑖 and 𝐊𝒊 =
𝜕𝐅(𝐱𝑖)
𝜕𝑥𝑖
 is the corresponding Jacobian matrix. For simplicity, an a 
priori state, 𝐱𝑎 which is obtained using a portable CO2 gas sensor measures the local 
CO2 concentrations while SHACS measurement is in progress. This a priori state is 
used to represent the first-guess state vector 𝐱𝑖 [14]. Equally, the Jacobian matrix 
together with the covariance matrices are calculated at each iteration.  
4.1 Results 
Although the automation of retrieval process for the set-up is in progress, the recorded 
interferogram as given in Figure 6(a), obtained from sunlight measurements of 
atmospheric CO2, was processed by performing an inverse Fourier transform on the 
modulated part of the interferogram to recover the CO2 transmission spectrum as shown 
in Figure 6(b). Following the iterative process documented in [9], the retrieved 
concentration of the measured CO2 from a set of samples is 439.29ppm and the 
calculated bias of 0.21 ppm was achieved, where the a priori independently measured 
value is 439.5ppm (Figure 6(c)). The bias (error of retrieval) is taken from the 
percentage of the difference between the inverted concentrations and the true value 
(which was measured using a CO2 gas sensor). A standard deviation of the retrieved 
state gives a measurement precision of 0.469ppm.  
 
     (a)         (b)          (c) 
Figure 6: (a) Recorded Interferogram from sunlight measurement (b) Measured CO2 
transmission spectrum (c) Retrieval accuracy showing iteration to point of convergence 
5. CONCLUSION 
The SHACS instrument offers a unique capability for a microsatellite constellation from 
a LEO orbit deployed for the monitoring of atmospheric CO2 along the tropics. We have 
presented the progress made in the development of a prototype demonstration of a 
single channel of the instrument using a COTS InGaAs detector of 128 x 128 pixels. 
This compact robust instrument that incorporates no-moving parts, meets the scientific 
requirement by achieving a spectral resolution of 0.249cm-1 at FWHM and a SNR of 
>700:1 with a resolving power of 25,082. As expected, the measured SNR in the 
sunlight case is >900:1. The qualitative results (CO2 spectrum) and quantitative results 
(concentration of measured CO2) yields a measurement precision of <1%, thereby 
making it suitable for spaceborne deployment. 
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